This study was directed at relating ion trans port and mitochondrial redox activity during hypoxia, as a step toward definition of brain oxygen sufficiency. To accomplish this, extracellular potassium ion activity (K+o) was recorded by ion-selective microelectrodes while reduction/oxidation (redox) ratios of cytochrome oxidase (cytochrome a,a3) were monitored by reflection spectrophotometry in cerebral cortex of rats anesthetized with pentobarbital. In normoxia, neuronal activation by direct cortical stimulation produced transient oxidation of cytochrome a,a3 and elevation of K +0. Moderate hyp oxia (Pao2 above 50 mm Hg) resulted in reduction of cy tochrome a,a3 but only slight elevation of K +0. At this level of hypoxia, cytochrome a,a3 continued to respond to neuronal activation with transient shifts toward oxida tion and rates of K + 0 reaccumulation were unchanged from control. When Pao2 was further decreased below a critical threshold, stimulus-provoked oxidative responses
of mitochondrial reactants were replaced by shifts toward reduction, but rates of reaccumulation of K + , spilled into the extracellular space by neuronal activation, remained unchanged. Only during severe hypoxia (Pao2 less than 20 mm Hg) was it possible in some animals to record a slowing in the reaccumulation of K + 0 without provoca tion of spreading cortical depression. These data indicate that ion transport activity in cerebral cortex is more re fractory to hypoxia than is mitochondrial redox func tioning. They suggest an in vivo parallel to the "cushion ing" effect of mitochondria in vitro, in which oxygen consumption remains constant despite fluctuations in ox ygenation and redox ratios, and also that there may be a greater anaerobic capacity to provide energy for ion transport in mammalian brain than has previously been appreciated. K ey Words: Brain oxygenation-Cy tochrome oxidase-Hypoxia-Mitochondria-Potas sium -Spectrophotometry.
It remains difficult, however, to define brain ox ygen sufficiency in physiological terms. In part, this is due to the difficulty in extrapolating effects of anoxia to those produced by hypoxia because anoxia-induced changes occur so rapidly and be cause hypoxia-induced alterations do not reach maxima. Also, little is known of the relationships between brain metabolism and ion transport during hypoxia since high-energy intermediates are rela tively unchanged, at least by mild hypoxia (Siesj6, 1978) , yet small increments in K + 0 do occur in proportion to the intensity of hypoxia (Morris, 1974) . Concepts of oxygen sufficiency have usually been limited to measurable effects of hypoxia, such as behavioral manifestations ranging from euphoria to loss of consciousness (Blass and Gibson, 1979) or metabolic changes such as increased blood flow, vasodilatation, mitochondrial redox shifts, in creased glycolysis, acidosis, and lactate accumula tion (e.g., Siesj6, 1978) .
The present studies are directed toward three goals: (a) to define relationships between K + ho meostasis and mitochondrial reduction/oxidation (redox) reactions that provide energy for ion trans port; (b) to define relative sensitivities and deter mine whether signals of mitochondrial redox ac tivity and ion transport provide sensitive indicators of impending derangements produced by hypoxia; and (c) to approach a definition of oxygen suffi ciency in terms of brain physiology. Since previous studies (LaManna et aI., 1984) indicated that there are advantages in studying oxygen sufficiency under "active" rather than "resting" conditions in brain, emphasis was upon the recording of re sponses of mitochondrial redox carriers and K + 0 to electro cortical stimulation. Some of these findings have been presented in preliminary form (Milito et aI., 1986) .
METHODS
Studies were conducted on male Wistar rats (280-350 g) anesthetized with pentobarbital (50 mg/kg) injected in traperitoneally. Anesthesia was supplemented intrave nously, as required throughout surgery and experimental procedures, to maintain systemic blood pressure at con stant levels compatible with surgical anesthesia. Cath eters were placed in a femoral vein for administration of drugs and in both femoral arteries. One arterial cannula was used for continuous monitoring of systemic blood pressure. The other was used for taking samples of arte rial blood for analysis of pH and arterial CO2 (PaC02) and oxygen (Pa02)' Animals were intubated, paralyzed with d-tubocurarine, which was supplemented as required, and ventilated with a mixture of 30% O2 and 70% N2 through a positive pressure respirator (Harvard Appa ratus Co.). Respiratory rate and stroke volume were ad justed to maintain blood gas values within normal limits (Pa02 above 110 mm Hg, Pac02 between 35 and 43 mm Hg, and pH between 7.35 and 7.45). Arterial blood gas samples were taken during surgery and at intervals throughout experiments. These samples were analyzed with a Radiometer (Copenhagen) ABL30 acid/base gas analyzer. Changes in the inspiratory gas mixture were made by changing the input to the respirator. Body tem perature was sensed with a rectal thermoprobe and main tained at � 37.soC with an electric/hot water heating pad.
Rats were positioned in a three-point head holder and the skin and muscle overlying the midline of the skull were retracted to the level of the cisterna magna. The cisterna magna was exposed and incised and a wick in serted to drain CSF to reduce intracranial pressure and avoid edema. An approximately 4 x 6-mm area of the skull between the lambdoid and the bregma sutures to one side of the midline was carefully thinned with a hand drill and dental burr bit until the skull flap was removable with a jeweler's forceps. Hemostasis was achieved with Gelfoam (Upjohn). A small cut was made in the dura with 1988 a needle. This cut was expanded with scissors and the dura resected to permit penetration of microelectrodes into the brain tissue. A funnel was positioned around the opened skull and filled with mineral oil to keep the brain surface moist.
Brain tissue oxygen tension was measured with polaro graphic microelectrodes manufactured as described pre viously (Kreisman et aI., 1979) . Extracellular potassium ion activity (K+o) was measured with liquid ion-ex change microelectrodes produced from double-barreled glass tubing (Sick et aI., 1982) . In brief, the termina1200to 400-fJ-m portion of one glass micropipette was made hydrophobic by silanization with tri-N-butylchlorosilane. This pipette was baked at 200°C and a 300-to 800-fJ-m column of Corning ion exchanger (477317) was intro duced into the terminal portion to make it potassium sen sitive. The electrode was backfilled with 0.1 M KCI. The other micropipette was filled with 0.15 M NaCI and used as a reference. To tal tip diameter of the electrode pair was 2-6 fJ-m. The paired electrodes were implanted �100 fJ-m below the cortical surface at the approximate center of the field of optical measurement. The reference micro electrode was used to monitor local DC potentials, which were electronically subtracted from the signal obtained from the K + -sensitive microelectrode to yield an elec trical potential that varied with changes in potassium ion activity. This difference signal (EK + ) was displayed on a chart recorder. The activity of K + 0 was calculated from the EK + by reference to a standard calibration curve ob tained with artificial CSF solutions containing varying concentrations of potassium. ECoG activity was moni tored from the reference microelectrode through an AC coupled amplifier.
Stimulation of tissue under optical observation was provided at a constant voltage through a stimulus isola tion unit. This stimulation was delivered through a pair of stainless-steel electrodes of �0.25-mm diameter and sep arated by 2 mm. These electrodes were positioned onto the tissue surface. Stimuli were presented as pulse trains, 2 s in duration, at 20 Hz, with each rectangular pulse having a duration of 0.5 ms. The voltage of stimulation was varied as required. Such stimulation provoked graded elevation of K + 0, the amplitude of which was de pendent upon stimulus strength. Quantifying the reaccu mulation rate of K + 0 necessitated measuring the time re quired for K+o to decay from its peak amplitUde to one half of this value. The calculation was accomplished by converting the entire transient K + response to digital form with a digitizing tablet (Bitpad). Each point was converted to its value of K + by solving the following equation for K:
where A is a system constant that accounts for electrode tip potentials and amplifier DC offsets, B is the slope con stant, K+ and Na+ are the potassium and sodium ion concentrations, respectively, and c is the selectivity coef ficient of the ion exchanger for sodium. Curve-fitting rou tines were employed to obtain the "best" values of A, B, and c for known values of K + and EK +. The equation was solved for K + , which can be estimated for any value of EK +. Since half-decay times for K + 0 varied with the increment of K + provoked by stimulation, a range of stimulus intensities was used. The slopes of the regres sion lines relating amplitUde with decay times for control and experimental conditions were compared by analysis of covariance.
Changes in the redox status of the terminal member of the mitochondrial respiratory chain, cytochrome c oxi dase (cytochrome a,a3) , were measured by dual-wave length reflection spectrophotometry at 605 nm with refer ence to 590 nm in the manner described previously (J6bsis et ai., 1977) . Specific instrumentation has also been described (Duckrow et ai., 1982) , and spectral anal yses have established the adequacy of compensation for potential artifacts in the optical traces due to changes in hemoglobin content and oxygenation (Jobsis et ai., 1977; LaManna et ai., 1987) . Redox shifts were presented as percentages of full-scale light levels with the system cali brated at the beginning of each experiment so that zero equaled the situation with no light presented to tissue at 605 nm and 100% was the situation with equal 605-and 590-nm light. Optical recordings were accomplished on line in areas of brain in which microelectrodes were im planted.
RESULTS
As expected from previous studies (Rosenthal et aI., 1976; Kreisman et aI., 198 1) , decreasing the fraction of inspired oxygen (Fjo2) lowered arterial and cerebral oxygen tensions and increased the re duction/oxidation ratio of brain cytochrome a,a3' Figure 1 (left) illustrates typical responses to N2 in spiration, which produced maximal reduction of cytochrome a,a3 and maximal decrease of tPo2• As anoxia was approached, ECoG became suppressed but K+o was only slightly elevated. In the early pe riod following attainment of anoxia, K + 0 increased slowly and remained below 10 mM. Subsequently, there was a precipitous increase in K + 0 to max-ECoG :
imum levels. This two-phase change in K +0 has been seen previously during anoxia or ischemia and demonstrates that factors other than the complete inhibition of mitochondrial electron transport, which occurred much earlier, are responsible for anoxic depolarization.
The rapidity of changes during anoxia made it difficult to relate mitochondrial redox activity and ion transport. To record effects of hypoxia, it was necessary to produce step changes in Fp2 and to maintain decreased Fjo2 values for several minutes. Figure 1 (right) illustrates that a steady state was reached within �2 min when Fp2 was decreased from 0. 3 to 0. 08. In subsequent experiments in volving neuronal activation, stimulus pulses were presented only after a steady state was reached.
Relationships between baseline redox status of cytochrome oxidase and increments in K + 0, re corded during hypoxia or during transition to an oxia, are shown in Fig. 2 . Data were recorded from seven animals. The relative percentage reduction of cytochrome a,a3 was derived by comparing the baseline redox level at any time during the experi ment with the total labile signal. The latter was de fined as the maximal redox shift produced by a transition from an Fjo2 of 100 to 0% (Sylvia and Ro senthal, 1978) . K +0 was plotted as the increment from control K + 0 in millimolar recorded under normoxic conditions. Filled circles represent steady-state values at normoxia, hyperoxia, and hypoxia produced by varying the fraction of in spired oxygen. Open squares represent the rapidly changing values derived during the transition to an-• : _aslll Eillllll tl FIJl II"' •• '. ,II ,. oxia produced by N2 inspiration. Moderate hypoxia (Pao2 of >40 mm Hg) produced large increases in reduction of cytochrome a,a3 but only small incre ments of K+o. When Pao2 was decreased below �40 mm Hg, the ratio of the K + 0 increments to the increase in reduction of cytochrome a,a3 progres sively became elevated. At each increment of re duction of cytochrome a,a3, the relationship be tween the amplitude of the redox shift of this cy tochrome and the increment in K + 0 was not different under conditions of step-induced hypoxia or the precipitous deoxygenation produced by an oxia. Figure 3 shows cytochrome a, a3 and K + 0 re sponses to direct cortical stimulation at normoxia and moderate and severe hypoxia. Neuronal acti- 1988 vation provoked transient oxidation of cytochrome a, a3 and elevation of K + o. The left -side traces are responses provoked by stimulation of lower inten sity (voltage) than those depicted in the right-side traces. At each Paob oxidative shifts of cytochrome a,a3 and increments of K +0 varied with stimulus intensity, as expected (Lewis and Schuette, 1975; Lothman et aI., 1975) . As Pao2 was lowered, how ever, it was necessary to increase stimulus intensity to provoke equivalent increments in K + o.
In the animal from which the data of Fig. 3 were derived, oxidative responses of cytochrome a,a3 occurred at Pao2 values of 128 and 27 mm Hg. When P a02 was lowered further, neuronal activa tion produced transient reduction rather than oxi dation of cytochrome a,a3' but rates of K+o reac cumulation were unchanged from control. In Fig. 3 , this transition from stimulus-provoked oxidation to reduction occurred at a P a02 of 23 mm Hg with the lower stimulus intensity and at a Pao2 of 20 mm Hg with the higher stimulus intensity. Although the value of this threshold for transition from oxidation to reduction varied among animals, it never oc curred at a P a02 above 50 mm Hg.
Data from five animals are presented in Ta ble 1. Baseline values of K + 0, Pao2, mean arterial blood pressure, tPo2, and the ratio of reduction of cy tochrome a,a3 were recorded at normoxia, at hyp oxia above the threshold for transition, and at the highest Pao2 level at which transition was evident. Because turnover of cytochrome a,a3 from oxida tion to reduction depended, in some animals, not only upon P a02 but also upon the intensity of stimu lation, the "critical" Pao2 for turnover derived in this table is only an indicator of this effect. No sys tematic attempt was made to evaluate a threshold for turnover at every intensity of stimulation in each animal. As indicated, mean Pao2 and tPo2 values were markedly decreased from control and the baseline level of reduction of cytochrome a,a3 was elevated to nearly 80% of maximum when the reductive responses of cytochrome a,a3 to electro cortical stimulation were apparent. However, base line K +0 was elevated by only 0. 4 mM.
At the intensity of hypoxia at which reduction rather than oxidation of cytochrome a,a3 was in duced by direct cortical stimulation, rates of reac cumulation of K +0, incremented by the stimula tion, were unchanged. This conclusion was derived with reference to data depicted in Fig. 4 . In nor moxia (filled circles), rates of reaccumulation of K + 0, defined as the time to half-recovery, were amplitude dependent (linear regression slope of 0. 3492 with 0.585 intercept, mUltiple r 2 = 0. 4302).
During hypoxia sufficiently severe to be accompa- The left-side traces are responses provoked by stimulation of lower intensity (voltage) than those depicted in the right-side traces.
nied by reduction rather than oxidation of cy tochrome a,a3 in response to stimulation, a similar amplitude dependence of K + reaccumulation rates was evident (open squares) (linear regression slope of 0.2937 with 0.660 intercept, multiple r 2 0.2364). These were not significantly different at the 0.05 level (p = 0.082).
It was difficult to record slowing of stimulus-pro voked K + 0 reaccumulation rates since severe hyp oxia (P a02 of <20 mm Hg) was usually required and in only a few animals was such a slowing apparent. This does not mean that K + 0 reaccumulation was insensitive to all levels of hypoxia. Stimulation at very low P a0 2 values was usually accompanied by an initial increase in K +0 to levels below 10-12 Values are means ± SEM. mM and then, before recovery was complete, a second increment in K + 0 occurred to levels corre sponding to values observed during spreading cor tical depression or anoxic depolarization. Usually, recovery of the K + 0 incremented in this manner was incomplete.
DISCUSSION
As was expected when brain oxygenation was decreased, cytochrome a,a3 became reduced and K+o increased (e. g., Morris, 1974; Kreisman et al. , 198 1) . Shown directly for the first time, however, was that the relationship between these changes consisted of two phases. At moderate hypoxia, large increases in reduction of the cytochrome were accompanied by only small increments in K +0. As the intensity of hypoxia increased, increments in K + 0 became larger relative to changes in the redox state of cytochrome a,a3' and K +0 continued to in crease until "anoxic depolarization" occurred. The relative insensitivity of K + 0 to moderate hypoxia is exemplified by the fact that increments of 1 mM K + 0 did not occur until reduction of cytochrome a,a3 reached �80% of maximum values. What was perhaps of more significance is that as the intensity of hypoxia increased, the oxidative responses of cytochrome a,a 3 provoked by electrocortical stimu lation in normoxia were replaced by shifts toward reduction. Despite this "turnover" of cytochrome a,a 3 responses, and steady-state reduction to -80%, baseline K+o was increased by <1 mM and reaccumulation rates of K + 0 following neuronal activation were unchanged. Only during severe hypoxia (Pa02 of <20 mm Hg) was it possible, in some animals, to record a slowing in the reaccumu lation of K + 0 without provocation of spreading cortical depression.
In apparent contradiction to this refractoriness of K + 0 reaccumulation are investigations reporting slowing of K + 0 reaccumulation produced by hyp oxia or lowered blood pressure (Kriz et aI., 1975; Krnjevic and Morris, 1975) . In the former study of bullfrog optic tectum, however, K + 0 reaccumulation after stimulation was slowed only when baseline K + 0 increased by -1.5 mM during N 2 inspiration. As reported here, a 1.5 mM increment in K + 0 was associated with re duction of cytochrome a,a 3 to >80%, which was J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 beyond the threshold for "turnover" of the cy tochrome redox response to stimulation. The studies of changes produced by hypotension were conducted in cuneate nucleus and spinal cord of decerebrate cat. Differences among these reports and data reported here may be due to a greater hyp oxic insult since there is less compensation by blood flow in these tissues compared to cerebral cortex and to the fact that stimulation could be pre sented to these tissues without the complication of spreading depression.
Data reported here provoke two important ques tions: (a) What is the mechanism of the cytochrome a,a 3 turnover from stimulus-provoked oxidation to reduction and (b) why is mitochondrial redox ac tivity apparently more sensitive than ion transport to moderate hypoxia? A basis for evaluating the turnover of cytochrome a,a 3 is the known tight couple between oxygen delivery, oxygen consump tion, and brain blood flow. Increased brain activity in normoxia is accompanied by increased local blood flow (lngvar, 1975; Leniger-Follert and Lubbers, 1976) , increased mitochondrial oxidation and oxygen consumption (Lewis and Schuette, 1976) , and increased glucose consumption (Soko loff, 1981) . In hypoxia, however, shifts toward re duction of mitochondrial reactants may occur if local CBF is already elevated so that there is no additional capability for increasing oxygen delivery. This suggestion is supported by data, such as de picted in Fig. 3 , that the transition to reduction of cytochrome a,a3 occurred at lower Pa02 when stim ulation was presented at higher intensity. The im portance of vascular responses in determining cor tical oxygenation under conditions of increased neuronal activity was shown by Kreisman et al. (1983) . In contrast to initial expectations, these in vestigators found that cerebral oxygenation was better maintained during long-duration ictal epi sodes than during short-duration ictal bursts, inter ictal spikes, or evoked potentials. The parallel to the present observations appears to be in the addi tional stimulus provided to CBF by higher-intensity neuronal activation.
An earlier study showed that the initial member of the mitochondrial respiratory chain, NAD, also became transiently more oxidized in response to neuronal activation during normoxia, but that NAD also became reduced during activation under hyp oxic conditions (LaManna et al., 1984) . These data contrast with data by Dora et al. (1984) that NAD became reduced during neuronal activation in nor moxia. These latter investigators suggested that this NAD reduction was due to a relative increase in availability of reducing equivalents. Confirma tion of the oxidative response of cytochrome a,a3 in normoxia has been accomplished by stimulating brain and recording reaction spectra by dual-and multiple-wavelength techniques (lobsis et al., 1977; Rosenthal et al., 1979) or by recording spectral changes by rapid-scanning spectrophotometry (La Manna et al., 1987) . The consistent presence of an oxidation peak at 605 nm demonstrated that oxida tion of cytochrome a,a3 can be recorded in intact, normoxic brain, despite the presence of hemo globin in the optical field. Since NAD and cy tochrome a,a3 redox activities were altered by hyp oxia in a similar manner (LaManna et al., 1984) , then differences observed by Dora et al. (1984) re main unexplained but suggest complications due ei ther to hypoxia or to light scattering.
The apparently lesser hypoxic sensitivity of K + 0 versus mitochondrial redox activity could occur if K+o clearance were dependent upon passive diffu sion or upon energy that is not provided by oxida tive metabolism. The former is unlikely since many investigators have shown that passive diffusion of K + contributes insignificantly to the maintenance of brain ion homeostasis and that the major fraction of brain energy consumption is expended to main tain transmembrane cation gradients (Whittam, 1962; Astrup, 1982) . Rather, these data suggest that there is greater capacity for anaerobic glycolysis to provide energy for ion homeostasis than has been appreciated previously. This link between ion transport and glycolysis is supported by our prelim inary data that indicate that glycolytic inhibition by iodoacetate (5 mM) superfused onto brain pro duced increased K + 0 and did slow rates of K + 0 reaccumulation in response to neuronal activation (Milito et al., 1986) .
The sensitivity of mitochondrial redox activity to hypoxia suggests that the "cushioning" effect evi dent in vitro is also applicable to brain in vivo. This cushioning effect describes findings that oxygen consumption remains constant despite large fluctu ations in oxygenation and mitochondrial redox ratios (Chance, 1965; 16bsis, 1972) . Consistent with this suggestion are findings that concentrations of high-energy intermediates in brain are unchanged by hypoxia until Pao2 reaches very low values (Siesj6, 1978) . Despite the possibility that critical energy pools, beyond the resolution of assay sam pling, may account for the hypoxia-induced changes in brain function, Blass and Gibson (1979) concluded that energy-utilizing processes are more sensitive to hypoxia than are energy-producing processes and suggested that the critical target(s) of hypoxia is neurotransmitter activities. Data pre sented here demonstrate that at least one activity of the energy-producing processes, the redox func tioning of the mitochondrial respiratory chain, is continuously sensitive to decreases in brain oxy genation and must be considered in any definition of oxygen sufficiency. In fact, these data suggest that the monitoring of mitochondrial redox ratios may provide a more sensitive indicator of brain ox ygenation than electrophysiological activities. They also indicate that the definition of "oxygen suffi ciency" in brain must rely upon defining for what activity in brain oxygen is considered to be suffi cient.
